Secreted from intestine, human fibroblast growth factor 19 (hFGF19) is an endocrine metabolic regulator that controls bile acid synthesis in the liver. Earlier studies have suggested that hFGF19 at 10-100 nM levels signals through FGF receptor 4 (FGFR4) in the presence of a co-receptor, betaKlotho, but its activity and receptor specificity at physiological concentrations (pM levels) remain unclear. Here we report that hFGF19 at pM levels require sulfated glycosaminoglycans (sGAGs), such as heparan sulfate, heparin and chondroitin sulfates, for its signaling via human FGFR4 in the presence of human betaKlotho. Importantly, sGAGs isolated from liver is highly active in enhancing the pM hFGF19 signaling. At nM levels, in contrast, hFGF19 activates all types of human FGFRs, i.e., FGFR1c, FGFR2c, FGFR3c and FGFR4 in the co-presence of betaKlotho and heparin, and activates FGFR4 even in the absence of betaKlotho. These results show that sGAGs play crucial roles in specific and sensitive hFGF19 signaling via FGF receptors and suggest that hepatic sGAGs are involved in the highly potent and specific signaling of pM hFGF19 through FGFR4 and betaKlotho. The results further suggest that hFGF19 at pathological concentrations may evoke aberrant signaling through various FGF receptors.
Secreted from intestine, human fibroblast growth factor 19 (hFGF19) is an endocrine metabolic regulator that controls bile acid synthesis in the liver. Earlier studies have suggested that hFGF19 at 10-100 nM levels signals through FGF receptor 4 (FGFR4) in the presence of a co-receptor, betaKlotho, but its activity and receptor specificity at physiological concentrations (pM levels) remain unclear. Here we report that hFGF19 at pM levels require sulfated glycosaminoglycans (sGAGs), such as heparan sulfate, heparin and chondroitin sulfates, for its signaling via human FGFR4 in the presence of human betaKlotho. Importantly, sGAGs isolated from liver is highly active in enhancing the pM hFGF19 signaling. At nM levels, in contrast, hFGF19 activates all types of human FGFRs, i.e., FGFR1c, FGFR2c, FGFR3c and FGFR4 in the co-presence of betaKlotho and heparin, and activates FGFR4 even in the absence of betaKlotho. These results show that sGAGs play crucial roles in specific and sensitive hFGF19 signaling via FGF receptors and suggest that hepatic sGAGs are involved in the highly potent and specific signaling of pM hFGF19 through FGFR4 and betaKlotho. The results further suggest that hFGF19 at pathological concentrations may evoke aberrant signaling through various FGF receptors.
In both humans and mice, the fibroblast growth factor (FGF) family is composed of 22 structurally related proteins, which can be divided into several subfamilies (1) . The endocrine FGF subfamily, which function as metabolic regulators (2) (3) (4) (5) , is composed of FGF19, FGF21 and FGF23 in humans and FGF15, FGF21 and FGF23 in mice. Mouse (m)Fgf15 is an ortholog for human (h)FGF19 (6) . Both mFGF15 and hFGF19 are expressed in the distal small intestine. Their secretion into the circulation is induced by bile acid, and after reaching the liver via the portal vein they suppress a key liver enzyme involved in bile acid biosynthesis, thereby closing a feedback loop regulating bile acid homeostasis (7) . hFGF19/mFGF15 also reportedly contributes to the regulation of blood glucose levels, along with other metabolic regulators, including FGF21 and insulin (8) (9) (10) (11) .
Endocrine FGFs act via receptor tyrosine kinases but also require the presence of a coreceptor, alphaKlotho (KLA) or betaKlotho (KLB) (12) . In humans, FGF23 signaling via several FGF receptor (FGFR) subtypes is thought to specifically require KLA, while hFGF19 and FGF21 reportedly require KLB (12) (13) (14) . But other studies have shown that KLA can also act as a coreceptor for hFGF19 (15) . It has thus been unclear how the receptor specificity of hFGF19 is achieved, or even what its precise receptor specificity is. Results from Fgf15 knockout mice suggest mFGFR4 is the sole functional receptor for mFGF15 (7) .
Moreover, the potential applicability of hFGF19 to the treatment of metabolic diseases such as diabetes (8) (9) (10) (11) has prompted attempts to develop protocols for its clinical application, but these have been discouraged by the finding that transgenic mice expressing high levels of hFGF19 develop liver tumors (16, 17) . The results presented here shed new light on the mechanisms underlying the physiological and pathological activities of hFGF19.
Experimental Procedures
Reagents. Human FGF19 was purchased from R&D systems. Heparan sulfate (HS), chondroitin sulfate (CS)-A, CS-B, CS-C, CS-D, and CS-E were from Seikagaku Biobusiness Corp. (Tokyo, Japan). Heparin was from Sigma. Preparation of hepatic sGAGs. Hepatic sGAGs were isolated essentially as previously described (18, 19) with some modification.
Briefly, bovine liver was boiled, homogenized, and acetone precipitate was prepared.
It was delipidated by chloroform-methanol, and subjected to extensive Actinase digestion in 50 mM Tris-HCl, pH 8.0 containing 2 mM CaCl 2 at 50˚C for 24 h, then the enzyme was denatured by heat. After centrifugation, the cleared supernatant was dialyzed against water, and subjected to DEAE-Sepharose Fast Flow column chromatography run by stepwise gradient of NaCl. The sGAG pool was treated with sodium borohydride to remove the GAG chain from its core protein by beta elimination.
After neutralization with HCl, perchloric acid was added to obtain a final concentration of 5% (v/v) to allow protein precipitation. Then the cleared supernatant was extensively dialyzed against water, filtered through 0.22 µm membrane filter, and subjected to biological experiments. Concentration of the sGAGs was determined by a carbazole sulfuric acid method.
Culture of BaF3 cells and DNA incorporation.
Construction of stable BaF3 cell transfectants and analysis of hFGF19-induced DNA synthesis were performed as previously described (14) . Plasmid preparation.
cDNAs encoding hFGFR1c (NM_015850.3) and hFGFR2c (NM_000141.3) were cloned from human fetal brain RNA (Clonetech), hFGFR3c (NM_000142.2) was from human brain RNA (Clonetech), hFGFR4 (NM_002011.3) and hKLB (NM_175737.2) were from human liver RNA (Clonetech). The nucleotide sequences of these clones were confirmed to be coding the correct amino acid sequences as appear in the database, including one SNP (rs376618). Western Blotting. Western blotting of FGFRs, KLB and p-ERK1/2 was performed as previously described (14) .
RESULTS
A limiting feature of the various cell and animal systems used to study the mechanisms involved in hFGF19 recognition and signaling is the endogenous expression of one or more components involved in those processes. These components include FGFRs, KLA/KLB and/or sulfated glycosaminoglycans (sGAGs). To more precisely investigate the molecular mechanism by which hFGF19 induces cellular signaling, we used a modified BaF3 cell system that was initially established to determine the receptor specificity of canonical FGF signaling. BaF3 cells are a pro-B lymphoma line that does not endogenously express detectable levels of any of the aforementioned components of hFGF19 recognition/signaling, but does harbor the intracellular mediators necessary to transduce a mitogenic signal from FGFRs. We prepared BaF3 transfectants stably expressing one of the subtypes of four human tyrosine kinase FGFR genes (hFGFR1c, hFGFR2c, hFGFR3c or hFGFR4) with or without hKLB (Fig. 1A) . In addition, for hFGFR2c, hFGFR3c and hFGFR4, the intracellular kinase domains were swapped with that of hFGFR1c, as described previously (20) , which enabled more direct comparison of the receptor activation induced by ligand binding to the respective ectodomains. These cells were then examined for their ability to respond to hFGF19 in the presence or absence of sGAGs and hKLB. When evaluating responses evoked by canonical FGFs, inclusion of heparin in the assay system has become a standard procedure (20) (21) (22) (23) . It is now widely accepted that, for canonical FGFs but not endocrine FGFs, heparan sulfate (HS), a heparin-like sGAG found on the surfaces of cells, forms a signaling complex with the corresponding FGFR (24, 25) . Heparin is a fully sulfated form of HS found in a few mammalian cells/tissues, including mast cells and intestinal mucosa.
We initially examined the ability of hFGF19 at nanomolar levels, the concentration range that has been studied in earlier studies, to induce DNA synthesis in the presence of HS or the indicated classes of chondroitin sulfate (CS) (Fig. 1B) . We found that hFGF19 at 1.4, 4, and 12 nM was able to induce DNA synthesis via hFGFR4 only when the receptor was co-expressed with hKLB ( Fig. 1B ; hR4/hKLB, dotted line).
Moreover, although the combination of hFGFR4 and hKLB was sufficient to elicit a partial response to hFGF19, the response was enhanced by HS, CS-B or CS-E, but not CS-D, and the enhancement elicited by CS-B was comparable to that of HS ( Fig. 1B ; hR4/hKLB, solid lines).
The three other receptors tested, hFGFR1c, hFGFR2c and hFGFR3c, were not activated by hFGF19, even when co-expressed with hKLB. Thus, HS and CS enhance specific hFGF19 signaling via the combination of hFGFR4 and hKLB.
In contrast to HS and CS, heparin enabled hFGF19 (at 0.46 nM and higher) to signal through hFGFR1c, hFGFR2c and hFGFR3c when co-expressed with hKLB ( Fig. 1C ). In addition, heparin also enabled hFGF19 (at 0.46 nM and higher) to signal via hFGFR4 in the absence of hKLB ( Fig. 1C; hR4 ). Such KLB-independent signaling was not observed in the presence of HS or CS (Fig. 1B) . Figure 1 summarizes the effects of hFGF19 at nanomolar concentrations. Our findings are consistent with those of earlier studies, which examined the activity of hFGF19 at concentrations ranging from 10 nM to 100 nM (15, 26, 27) . However, hFGF19 concentrations in the human circulation are reportedly in the subnanomolar range, most likely around 30 pM, which is 3-4 orders of magnitude lower than the concentrations tested previously (28-30). We therefore also examined the receptor specificity of hFGF19 at more physiological concentrations (Fig. 2) . We found that activation of hFGFR4 by hFGF19 at concentrations ranging from 3 pM to 500 pM was strongly dependent on the presence of sGAGs and on the co-expression of hKLB ( Figs. 2A and 2B ). In the presence of HS or heparin, 500 pM hFGF19 alone did not activate hFGFR4, but the receptor was maximally activated when co-expressed with hKLB ( Fig.  2A) . With this system, evoked DNA synthesis could be detected at hFGF19 concentrations as low as 3 pM in the presence of heparin, HS, CS-B, or CS-E; in contrast, CS-A, CS-C and CS-D were not sufficient to mediate the effect (Fig. 2A) . These findings were confirmed by assessing the activation (phosphorylation) of ERK 1/2 MAP kinase (p-ERK; Fig. 2C ).
sGAG-dependent activation of ERK by 30 pM hFGF19 in cells co-expressing hFGFR4 and hKLB was clearly observed in the presence of HS, CS-B, CS-E or heparin (Fig. 2C) , and the response-enhancing effects of the sGAGs were detected at their concentrations of 0.3 μg/ml and higher (Fig. 3) .
As liver is the target organ of hFGF19, we then examined whether the sGAGs of the liver had potential to assist hFGF19 signaling. Thus we prepared sGAGs from liver, i.e., hepatic sGAGs, and compared the effects of hepatic sGAGs and heparin on the signaling of pM hFGF19 through FGFRs (Fig. 4) . In cellulose acetate electrophoresis a preparation of the hepatic sGAGs migrated close to the authentic HS, CS-B and CS-E, but clearly differently from heparin (Fig. 4A) . The disaccharide compositions of the sGAGs used in this study are shown in Table 1 . Importantly, this hepatic sGAGs preparation and heparin were equally potent enhancers of pM hFGF19 signaling toward hFGFR4 when it is co-expressed with hKLB (Fig.  4B) .
The hepatic sGAGs also enhanced signaling through hFGFR3c/hKLB weakly, similar to heparin. However, unlike heparin, the hepatic sGAGs did not enhance signaling through hFGFR1c/hKLB or hFGFR2c/hKLB (Fig. 4B) . These results were confirmed by the activation of ERK 1/2 MAP kinase (p-ERK; Fig. 4C ).
DISCUSSION
hFGF19 (and mFGF15) is expressed in the intestine in response to bile acid and then secreted into the blood. After reaching the liver via the portal vein, it suppresses transcription of Cyp7A1, a key enzyme involved in bile acid biosynthesis. This endocrine mode of action would require hFGF19 to possess a low affinity for extracellular sGAGs to avoid being trapped within blood vessel lumens, and would require hepatocytes to possess a highly sensitive and specific ability to recognize hFGF19. Consistent with those ideas, hFGF19 shows very low affinity to heparin (31, 32), and the requirement for hKLB as a co-receptor and the strong positive regulation of hFGF19/hFGFR4 signaling by HS/CS establishes a highly specific and sensitive recognition system. Several earlier studies have shown that the hFGF19 concentration in the circulation of healthy volunteers is around 30 pM (28-30). We found that at these low levels, hFGF19 signaling is only induced in the presence of HS/CS/heparin/hepatic sGAGs (Figs. 2-4) . Thus HS, CS-B and CS-E, together with hKLB, are crucial for hFGF19/hFGFR4 signaling at physiological levels of hFGF19. Although the hepatic sGAGs are likely to be composed of HS and CSs, their detailed structures responsible for this activity, such as sulfate modification patterns, awaits future studies. In addition, the structure and composition of hepatic sGAGs may vary by species and the relevant human or mouse sGAGs might be different. The enhancement of hFGF19 activity by HS/CS also implies that formation of a complex composed of sGAGs, hFGFR4 and hKLB is required for optimal signaling in hepatocytes. Indeed, both KLB and FGFRs exhibit affinity for heparin (results not shown).
We suggest that this mechanism underlies normal hFGF19 activity in situ.
In contrast to the picomolar range, the results obtained with nanomolar hFGF19 in the presence of heparin indicate these conditions severely reduce the target specificity of hFGF19. At concentrations higher than 1 nM, hFGF19 signaling via hFGFR4 was observed in the absence of sGAGs and, in the presence of heparin or hepatic sGAGs, hFGFR4 mediated hFGF19 signaling in the absence of hKLB (Figs. 1, 2B and  4) .
The presence of heparin also enabled hFGF19 to stimulate all of the hFGFR subtypes in the presence of hKLB (Fig. 1) . These results likely reflect pathological hFGF19 activity, or perhaps normal physiological activity found in only a few selected tissues. Although HS and CSs are the dominant sGAGs found on cell surfaces and within the extracellular matrix, some tissues and cells do harbor heparin. For instance, extracts of mammalian lung and intestine are sources of commercially available heparin. In addition, there may be other tissues than liver that harbor HS/CSs with biological activity similar to that of hepatic sGAGs we showed in this paper. In that context, it is intriguing that hFGF19 expression is elevated in the cancerous tissues of some patients with lung or colon cancer (17) , and some cancers also show upregulation of FGFR4 (17) . Whether hFGF19 signaling via hFGFR4 in the presence of endogenous heparin/sGAGs contributes to the pathology of these diseases remains unknown, but our findings shed new light on the mechanisms underlying the physiological and pathological activities of hFGF19.
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Fig. 1
Activation of hFGFRs by hFGF19 at nanomolar concentrations in the presence of sGAGs and hKLB. (A) Expression of hFGFR and hKLB in the indicated BaF3 transfectants. The expression levels of hFGFR and hKLB were detected using antibodies against the C-terminus of hFGFR1 and hKLB, respectively. (B) HS and CS enhance specific activation of hFGFR4 by hFGF19 in the presence of co-expressed hKLB. BaF3 cells, which do not endogenously express FGFRs, KLA/KLB or sGAGs, were stably transfected with an expression vector encoding the indicated hFGFR subtype (hR1c, hR2c, hR3c and hR4), without/with an expression vector encoding hKLB. Each FGFR construct used in this figure harbors the intracellular kinase domain of hFGFR1, as previously described (20) 3 H]-thymidine was added, and its incorporation into the cellular DNA during the subsequent 6 h was analyzed using a scintillation counter. To confirm the signaling capability of the respective FGFRs, their activation by 460 pM FGF1 was examined in the presence of 5 µg/ml heparin (a cross in each panel); FGF1 is known to activate every FGFR subtype. (C) Heparin enables activation of all four hFGFR subtypes in the presence of co-expressed hKLB. Receptors were analyzed as in (B) in the absence (open circles, dotted line) or presence of heparin (5 µg/ml; filled squares, solid line). Note that heparin also enables activation of hFGFR4 in the absence of co-expressed hKLB. In panels B and C, each symbol represents the mean ± SD of triplicate samples. All experiments were performed at least three times and yielded essentially the same results. In addition, at least two independent clones of each transfectant were examined in each combination, yielding essentially the same results. Signaling was evaluated by BaF3 transfectants as in Figure 1 at the indicated concentrations of hFGF19 in the absence (open circles, dotted line) or presence (5 µg/ml) of hepatic sGAGs (filled circles, solid bold line) or heparin (filled squares, solid thin line). As a positive control, activation of each receptor by 460 pM FGF1 (cross) was examined in the presence of 5 µg/ml heparin. The reported physiological concentration range of hFGF19 (less than 500 pM) is shaded. All experiments were performed at least three times and yielded essentially the same results. (C) BaF3 transfectants like those in (B) were treated for 10 min with the indicated concentrations of hFGF19 or FGF1 in the presence of heparin (HP) or hepatic sGAGs, after which signaling was evaluated based on phosphorylation of ERK1/2 detected by Western blotting. Note that the results of hR4/hKLB/HP are shown in the Fig. 2B . 
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